Summary A mixture of tritiated and deuterated gibberellin A 4 (GA 4 ) was injected into the xylem of Norway spruce (Picea abies (L.) Karst) propagules, below an elongating shoot, or applied directly on the needles of an elongating shoot. The distribution of [ 2 H 2 ]GA 4 and [ 3 H]GA 4 in the needles, stems and buds was determined after 4, 12 and 24 h. After 4 h, most of the xylem-injected GA 4 was found in the needles, whereas after 24 h, most of the GA 4 was found in the stem, with a small portion in the lateral buds. Of the GA 4 applied to the needles, 51% of the radioactivity recovered after 24 h was found in the stem and 2% in the lateral buds. Mixtures of tritiated and deuterated GA 4 and GA 9 were injected into elongating shoots of one abundant-flowering family and one limited-flowering family, grown either under conditions inductive for flowering (hot and dry, HD) or under noninductive conditions for flowering (cool and wet, CW Keywords: cone bud production, deuterium, flowering, gas chromatography--mass spectrometry, high-performance liquid chromatography, metabolism, transport, tritium.
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Introduction
The growth pattern of mature temperate-zone conifers is fixed or determined; that is, the initiation of a bud and cell division and differentiation therein, are separated in time, usually by a winter season, from cell elongation (see Cannell et al. 1976 ). The initiation of new buds starts during elongation of the preformed shoot. In the Pinaceae family, the formation of cone buds or strobili can be induced by specific gibberellins (GAs) , mainly the less polar GA 4 and GA 7 , in combination with stress treatments, such as controlled drought and heat (Philipson 1983 , Bonnet-Masimbert and Zaerr 1987 , Pharis et al. 1987 .
Both endogenous and exogenously applied GAs are continuously transported and metabolized in plant cells. Because these processes affect the availability of a specific GA in a particular compartment per unit time, they influence or determine the eventual differentiation of the bud primordia. It is therefore important to determine where the GAs are synthesized, how they are transported and how physiologically active GAs and their immediate precursors are metabolized.
The major GAs of Norway spruce (Picea abies (L.) Karst.) are GA 9 , GA 4 , GA 1 and GA 3 (Odén et al. 1982 (Odén et al. , 1987 (Moritz et al. 1989 We investigated the transport of exogenously applied deuterated and tritiated GA 4 and the metabolism of exogenously applied deuterated and tritiated GA 9 and GA 4 in shoots of abundant-and limited-flowering clones of P. abies grown under conditions favorable for flowering (hot and dry) and under conditions unfavorable for flowering (cool and wet).
Materials and methods

Plant material
Five-year-old, container-grown P. abies grafted propagules, about 1.5 m high, from about 60-year-old ortets, were used in the experiments. One clone (G2024, Holkastorp, latitude 57°05′, longitude 14°47′, altitude 260 m a.s.l.) was categorized as abundant flowering. Another clone (F2100, Markarmåla, latitude 57°56′, longitude 14°58′, altitude 275 m a.s.l.) was categorized as limited flowering. On May 10, 1991, half of the trees (16 ramets) were placed in a greenhouse providing a computer-controlled day/night temperature of 30/25 °C. Drought stress was monitored by measuring needle water potential (Ψ) with a Scholander pressure chamber. DroughtTransport and metabolism of gibberellins in relation to flower bud differentiation in Norway spruce ( Picea abies) treated propagules were watered when the mean value of needle Ψ reached −2 MPa (HD-treatment). The remaining trees were placed outside and watered daily (CW-treatment).
Application and injection of labeled GAs
The tritiated GAs were [2, H]GA 9 , 1. ]GA 4 (about 3 nmol) per µl ethanol was either injected into the pith--xylem below the expanding terminal shoot on the second whorl of branches, or evenly applied with a microsyringe to the needles on a similar expanding shoot. Three shoots were treated on each of two grafted propagules of each HD-treated clone per mode of application (shoot injection or leaf application). One shoot per propagule was harvested after 4, 12 and 24 h, separated into needles, stem and lateral buds, and each part frozen in liquid N 2 and stored at −80 °C until analyzed. Applications were made when the shoots had elongated to 99% of their total length, i.e., slightly before the onset of bud initiation. ]GA 4 were used in the metabolism experiments. Two liters of each GA solution was injected into the pith--xylem immediately below two elongating terminal shoots on the second whorl of branches on two grafted propagules of the abundant-flowering clone and two grafted propagules of the limited-flowering clone. The shoots were harvested after 24 h, frozen in liquid N 2 and stored at −80 °C until analyzed. Applications were made when the shoots had elongated to about 99% of their final length.
Metabolism experiment
Extraction and purification
The shoots from the transport experiment were divided into needles, stem and lateral buds, whereas shoots from the metabolism experiment were frozen intact. The material from the two replicate propagules was combined and homogenized in 100% methanol (MeOH) at 4 °C, 20 ml per g fresh weight (g FW ), containing 0.02% (w/v) dithiocarbamic acid as antioxidant. After extraction for 2 h at 4 °C, the MeOH was filtered off and the tissue debris washed with another 50 ml of MeOH. The pooled filtrates were evaporated to water phase under reduced pressure at 35 °C. The aqueous residue was adjusted to about 5 ml with 0.1 M sodium phosphate buffer, pH 8.0, and applied to a 150 × 10 mm i.d. column packed with poly-Nvinylpolypyrrolidone (PVPP). The column was eluted with 100 ml of 0.1 M sodium phosphate buffer, pH 8.0. The buffer phase was adjusted to pH 3.0 and extracted with 3 × 50 ml of ethylacetate (EtOAc). The water was removed from the combined EtOAc-phase by freezing and filtering, and the EtOAc was finally evaporated to dryness under reduced pressure at 35 °C. The samples were further purified by HPLC.
High-performance liquid chromatography
The HPLC system consisted of two LKB 2150 pumps connected to the column by a Rheodyne injector. The pumps were controlled by an LKB 2152 gradient controller. All samples were first purified by reverse-phase HPLC on a column, 200 × 4.6 mm i.d., packed with 5 µm Nucleosil C 18 . The mobile phase was a linear gradient from 100% water with 1% acetic acid to 100% MeOH with 1% acetic acid. The gradient sweep time was 60 min, and the flow rate was 1 ml min −1
. Sixty 1-ml fractions were collected, and radioactivity in 0.1 ml of each fraction was determined by liquid scintillation spectrometry.
Radioactivity of the fractions from the transport experiment corresponding to the elution volume of GA 4 was determined by liquid scintillation spectrometry, and the content of [ 2 H 2 ]GA 4 of the same fractions was determined by gas chromatography--mass spectrometry (GC--MS).
The radioactive fractions from the metabolism experiment were pooled and further purified by normal-phase HPLC using a column, 200 × 4.6 mm i.d., packed with 5 µm Nucleosil NO 2 . The mobile phase was a linear gradient from 75% n-heptane, half saturated with 0.5 M formic acid in water, and 25% EtOAc/water/formic acid (98.5/1/0.5, v/v) to 100% EtOAc/ water/formic acid (98.5/1/0.5, v/v). The gradient sweep time was 60 min, and the flow rate was 2 ml min −1
. Sixty 2-ml fractions were collected, and radioactivity in 0.2 ml of each fraction was determined by liquid scintillation spectrometry. Fractions belonging to each peak were combined and analyzed by GC--MS.
Identification and quantitation of metabolites by GC--MS
Radioactive fractions were methylated with ethereal diazomethane and, after evaporation, were trimethylsilylated by adding 50 µl of N-methyl-N-trimethylsilytrifluoroacetamid. were identified by full-scan GC--MS, scanning between m/z 80 and 650. Each sample was also co-injected with a series of n-alkanes (C 23 --C 28 ) (Gaskin et al. 1971 ) for determination of Kovats' retention index (KRI) (Kovats 1958) . The GA standard spectra and GA standard curves were run with deuterated and nondeuterated standards supplied by Prof. Lewis N. Mander, Canberra, Australia, and Dr. Peter Hedden, Bristol, U.K.
Results
Transport of tritiated and deuterated GA4
When tritiated plus deuterated GA 4 was injected into the pith--xylem immediately below elongating shoots of Norway spruce, the radioactivity in the GA 4 fraction and in [ 2 H 2 ]GA 4 was transported to the stem and needles above the application point ( Table 1 ). The amount of radioactivity decreased with time in the needles, but increased in the stem and lateral buds. After 24 h, 18% of the total recovered radioactivity in the GA 4 fraction was detected in the needles, 77% in the stem and 5% in the lateral buds. The concentrations of after 24 h. When the tritiated plus deuterated GA 4 solution was applied directly to the needles of the elongating shoot, the radioactivity in the GA 4 fraction and in [ 2 H 2 ]GA 4 decreased in the needles over the 24-h period. During the same time, the corresponding GAs increased in all bud and stem samples except the 24-h stem sample (Table 1) . Injection of GA 4 into the pith--xylem resulted in higher concentrations of [ 2 H 2 ]GA 4 in the stem and buds than direct application of GA 4 to the needles. It is possible that the addition of a surfactant would have enhanced the uptake of GA 4 solution from the needle surface.
The amount of radioactivity in the fraction corresponding in retention time with the standard GA 4 fraction and the concentration of [ 2 H 2 ]GA 4 were not corrected for metabolism or other losses during the extraction and purification procedures; however, we estimate that, in the 24-h samples, these losses were from 50 to 75%. (Table 2) . We attempted to quantify the rates of conversion by calculating the amount of radioactivity in each of the identified GA regions and relating this amount to the total amount of radioactivity recovered after normal-phase HPLC (Table 3) . The main metabolite of [ 3 H]GA 9 in shoots of both CW-treated clones was in the GA 51 region, but radioactivity was also detected in the GA 4 and GA 1 regions. The HD-treated propagules of both clones converted [ Unknown amounts of both radiolabeled and deuterium-labeled metabolites were discarded during the purification because only the acidic EtOAc fractions were analyzed.
Metabolism of [
Discussion
When labeled GA 4 was injected into the pith--xylem below the elongating shoot, it was transported in the transpiration stream upward to the needles. From the needles, transport was directed toward the adjacent stem and lateral buds, as indicated by the finding that needle-applied labeled GA 4 was rapidly transported to the adjacent stem and lateral buds. The absolute amounts of labeled GA 4 in the various tissues may also reflect differences in metabolic rates. After 24 h, more than 50% of the labeled GA 4 was metabolized to other compounds. Unfortunately, a suitable internal standard (e.g., [ 2 H 5 ]GA 4 ) for correction of losses during the extraction and purification procedure was not available.
The most effective GAs for promoting flowering and shoot elongation in conifers belonging to the Pinaceae are GA 4 and GA 7 . An additional OH-group in position 13, as in GA 1 and GA 3 , blocks florigenic activity. Compound GA 9 , which lacks the 13-OH group, is probably active because of its enzymatic conversion to GA 4 , which catalyzed by a 3β-hydroxylase.
Compound The HD-treated shoots metabolized GA 9 and GA 4 more rapidly than the CW-treated shoots; however, the CW-treated shoots had a more efficient 2β-hydroxylase system, yielding higher amounts of inactive GA 51 and GA 34 than the HD-treated shoots. Cultural treatments or environmental stresses known to increase flowering in Pinaceae conifers may thus act by altering the quantities and metabolic turnover of GA 4 Ross 1986, Pharis et al. 1987 ) and possibly GA 7 (Pharis et al. 1987) . The hypothesis that imposed stress decreases shoot elongation, a strong sink for GAs, resulting in an accumulation of less polar GAs (GA 4 , GA 7 and GA 9 ), thereby stimulating flowering, was first questioned by Ross (1991a) , who found that enhanced flowering of root-pruned Picea glauca (Moench) Voss propagules was not correlated with decreased shoot elongation. Based on our findings, we conclude that the availability of active GAs is deliberately regulated in the specific organ compartments of the shoot, and that their metabolism is directly influenced by various factors including root activity, stomatal turgor (e.g., tissue Ψ) and temperature Odén 1990, Ross 1991b) .
